fl exor spasm in the legs to noxious stimuli, transient bilateral convergent spasm of extraocular muscles, and urinary retention, as well as extensive decreased superfi cial and proprioceptive responses. Imaging studies reveal moderate cerebral atrophy and mild cerebellar and cervical cord atrophy. She has a homozygous C1162T mutation.
Case 2 ( 3 ) is a 44-year-old female of German origin with a 26-year history of complicated HSP. In addition to spastic paraparesis, severe dorsal column affection and optic atrophy are present. She suffers from intermittent diarrhea that started a few years ago. She carries a homozygous nonsense mutation: c.825T>A, p.Y275 ×.
Cases 3 and 4 are nonconsanguineous siblings of Italian origin ( 3 ) . Case 3 is a 42-year-old male who has suffered from pure HSP since the age of 11. His 45-year-old sister (case 4) developed pure HSP at the age of 12. Both siblings are compound heterozygous for a missense and a frameshift mutation: c. 
Ethical aspects
All patients gave their informed consent to this study. All the investigations of the patients and the analyses of their serum and cerebrospinal fl uid were approved by ethic committees of the respective institutions.
Analyses of oxysterols and bile acids
Side-chain oxidized oxysterols, cholestenoic acid (3 ␤ -hydroxy-5-cholestenoic acid), as well as bile acids were assayed by isotope dilution mass spectrometry with use of deuterium labeled internal standards as described previously (14) (15) (16) .
Analyses of tau protein and phospho-tau protein
Tau-protein (total tau) was determined using a sandwich ELISA constructed to measure both normal tau and phospho-tau ( 17 ) . Phospho-tau was determined using a sandwich ELISA, with monoclonal antibody recognizing all forms of tau used as capturing body and biotinylated monoconal antibody (specific to P-Thr181) used as a detection antibody ( 18 ) .
RESULTS
The absence of CYP7B1 activity will lead to a metabolic block of the alternative pathway for formation of bile acids. Because the major product of the alternative pathway in bile acid synthesis is chenodeoxycholic acid ( 5 ), a relative decrease in the level of this bile acid would be expected. As shown in Table 1 , there was a clear tendency to decreased levels of chenodeoxycholic acid and increased levels of deoxycholic acid. The pattern of bile acids in serum with cholic acid, chenodeoxycholic acid, deoxycholic acid, and ursodeoxycholic acid as major bile acids was normal, and no abnormal bile acids could be detected.
It may be concluded from the characterization of cyp7b1 defi cient and CYP27A1 overexpressing mice that increasing the levels of 27-hydroxycholesterol by a factor of 6-7 is not suffi cient to cause obvious neurological defi cits in mice. The situation may be different in humans, because normal levels of 27-hydroxycholesterol are considerably higher in humans than in mouse, possibly as a consequence of a less effi cient metabolism. Another factor that may be of relevance is the small corticospinal tract and its redundancy in rodents. Lack of Alsin resulting from loss of function mutations of the ALS2 gene results in severe disorder of human corticospinal and corticobulbar tract degeneration with primary lateral sclerosis. However, in mouse models, Alsin deletion has minimal effect on ambulation and muscle tone ( 8, 9 ) .
A fatal case with mutations in the CYP7B1 gene has been reported: an infant who died in the neonatal stage with liver failure ( 10, 11 ) . Plasma levels of 27-hydroxycholesterol were increased more than 1,000 times those of normal controls. This 10-wk-old boy presented with severe cholestasis, cirrhosis, and liver failure, which may have affected the 27-hydroxycholesterol levels. Another metabolite, 24-hydroxycholesterol, was also increased in this infant by a similar magnitude. This oxysterol is metabolized by CYP39A1 ( 5 ) and is not a substrate for CYP7B1 ( 12 ) . More recently, another fatal neonatal case with a mutation in the CYP7B1 gene and development of cholestasis was described ( 13 ) . The oxysterol levels in this patients were not reported. Whether or not the mutation was causative or a contributing factor in the death of the above two infants is not known with certainty. The possibility has been discussed that an infection and a concomitant elevation of 25-hydroxycholesterol may be a precipitating condition of liver failure in infants with CYP7B1 defi ciency ( 11 ) .
In the present work, we measured levels of 27-hydroxycholesterol and other side-chain oxidized oxysterols as well as bile acids in the circulation of four adult patients with the SPG5 disease and defi ned mutations in the CYP7B1 gene.
EXPERIMENTAL PROCEDURES

Patients
Case 1 ( 2 ) is a 26-year-old woman of Italian origin, the child of fi rst cousins, affected with gait diffi culties since childhood. The family denies anyone else being similarly affected. She exhibits a spastic gait with left greater than right weakness of the iliopsoas and glutei, which requires the use of a motorized wheelchair, 
27-Hydroxycholesterol and hereditary spastic paresis
a reduced formation of chenodeoxycholic acid would be expected.
As shown in Table 1 chenodeoxycholic acid made up about 25% of the total bile acids in serum (18-37%) as compared with about 40% in the controls. The difference is likely to refl ect the relative importance of the alternative pathway but because of the small number of patients and the interindividual variations no fi rm conclusions can be drawn. Another observation was that deoxycholic acid made up about 58% of the total bile acids in serum of the SPG5 patients as compared with less than 40% of the controls. A reduced intestinal motility as a consequence of a neurological defect would be expected to give such an effect. Again, no fi rm conclusions can be drawn because of the small number of patients.
As expected, the plasma levels of the substrates for the CYP7B1 enzyme, 27-hydroxycholesterol and 25-hydroxycholesterol, were increased in the four SPG5 patients. The magnitude of this increase, 6-to 9-fold in case of 27-hydroxycholesterol and about 100-fold in the case of 25-hydroxycholesterol, is similar to the corresponding in crease in mice with a knockout of the cyp7b1 gene ( 6 ) and slightly higher than the increase of 27-hydroxycholesterol obtained in mice with an overexpression of CYP27A1 ( 7 ).
There is an important difference, however. The basal plasma levels of the side-chain oxidized oxysterols are considerably lower in mice than in humans. The absolute plasma levels of the two side-chain oxidized oxysterols were thus about 1.3 ug/ml (corresponding to 3 uM) in the patients in this study but only about 0.25 ug/ml in the cyp7b1 Ϫ / Ϫ mice ( 6 ) and 0.20 ug/ml in the CYP27A1 trangenic mice ( 7 ). Thus, it is likely that the critical neuronal cells of the patients are exposed to considerably higher levels of the two side-chain oxidized oxysterols
As shown in Table 2 , the serum levels of 27-hydroxycholesterol were 6-to 9-fold higher than controls in the four patients. The levels of 25-hydroxycholesterol, which is also a substrate for CYP7B1, were increased about 100-fold. The levels of 24S-hydroxycholesterol, which is not a substrate for the enzyme, were normal. Other oxysterols [7 ␣ -hydroxycholesterol, 7 ␤ -hydroxycholesterol, 7-oxocholesterol) were present at normal levels (not shown)]. Heterozygotes would be expected to have lower serum levels of 27-hydroxycholesterol than the patients but higher than those of the controls. In accordance with this, the heterozygous father of patient 1 had a serum level of 27-hydroxycholesterol, slightly above the upper level of the controls and about 30% of those of the patients.
Cholestenoic acid is an important metabolite of 27--hydroxycholesterol present in the circulation ( 16 ) . The level of this acid was normal or only marginally increased, however ( Table 1 ) .
27-Hydroxycholesterol was also increased in cerebrospinal fl uid with levels 30-to 50-fold higher than in controls. No signifi cant levels of 25-hydroxycholesterol were found in this compartment. The levels of 24S-hydroxycholesterol, which are known to be increased in some neurodegenerative conditions ( 19 ), were not increased. ( Table 3 ).
In view of a possible neurodegenerative effect of 27--hydroxycholesterol, the levels of tau protein and phos photau protein in cerebrospinal fl uid, biochemical markers of neurodegeneration, were also measured. The levels of these markers were normal ( Table 3 ) .
DISCUSSION
The activity of the alternative pathway in bile acid synthesis is dependent upon CYP7B1 ( 5 ) and as a consequence, ( 14 ) . ** range, # mean ± SD, ## not measured. * The oxysterol control levels were obtained from ( 17 ) . The cutoff levels for the levels of tau and phospho-tau were those of the producer of the diagnostic kit ( 15, 16 ) .
by guest, on October 14, 2017 www.jlr.org Downloaded from the brain may be the link between hypercholesterolemia and neurodegeneration ( 27, 28 ) . The present investigation does not support the contention that increased levels of 27-hydroxycholesterol in the brain cause a general neurodegeneration that can be detected by the cerebrospinal fl uid markers. There may be considerable interindividual variations and in view of the small number of the patients studied here, it is diffi cult to draw fi rm conclusions.
The long axons of the corticospinal motor neurons and the dorsal root ganglion neurons that form the corticospinal and dorsal traits in the spinal cord may be more sensitive to high levels of 27-hydroxycholesterol than most other neuronal cells.
Side-chain oxysterols, including 25-and 27-hydroxycholesterol, are known to have cytotoxic effects on cultured cells ( 29, 30 ) . The relevance of such experiments for the situation in vivo is, however, diffi cult to evaluate. Under in vivo conditions, the oxysterols are always present together with a very high excess of cholesterol, and this cholesterol may decrease or prevent the activity of the oxysterol ( 31 ) . It has been reported that 25-hydroxycholesterol induces production of interleukin 1 ␤ and interleukin 8 from human macrophages ( 32, 33 ) . It cannot be excluded that a local interleukin release as a consequence of the high levels of 25-hydroxycholesterol may be of pathogenetic importance in the SPG5 patients. The absolute levels of 25-hydroxycholesterol were, however, considerably lower than those of 27-hydroxycholesterol, and we failed to demonstrate presence of 25-hydroxycholesterol in cerebrospinal fl uid.
If a clear relation between clinical symptoms and levels of 27-hydroxycholesterol in the circulation can be established in patients with SPG5, it would be benefi cial to reduce the levels of the oxysterol. No specifi c inhibitors of 27-hydroxycholesterol are known, but because it has been shown that substrate availability is a limiting factor for CYP27A1 activity ( 34 ), a possible therapeutic strategy could be to treat the patients with statins. We have shown that the levels of 27-hydroxycholesterol and cholesterol decrease in parallel during statin therapy (unpublished observation). It would be realistic to reduce the levels of 27-hydroxycholesterol by about 50% which may well have an effect on the progression of corticospinal tract degeneration, if 27-hydroxycholesterol is a major factor in the degeneration of those tracts.
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than the corresponding cells in the two mouse models. On the other hand, the circulatory levels of the side-chain oxidized oxysterols were considerably lower than those reported in the fi rst reported case with CYP7B1 defi ciency. Most probably, the very high levels of oxysterols in that subject were secondary to the cholestasis and the liver failure. The liver failure may have been the result of other factors than the CYP7B1 mutation, although this mutation could have been an important contributing factor. To our knowledge, there are no reports of cholestasis during the neonatal period of adult patients with the SPG5 disease.
27-Hydroxycholesterol may be metabolized by further oxidation into a carboxylic acid, cholestenoic acid, and possibly also by glucuronidation or sulfatation. From a quantitative point of view, cholestanoic acid is the most important metabolite ( 16 ) . In the present study, we only measured the level of cholestenoic acid in the circulation of the SPG5 patients and this level was found to be normal or only slightly increased ( Table 2 ) .
In adults, the synthesis of cholesterol in the spinal cord is 5-fold higher than in cerebrum or cerebellum ( 20 ) . In spite of increased synthesis, the concentration of cholesterol in the spinal cord is only 2-fold higher than in these two brain regions. This fi nding indicates that the spinal cord may have a relatively high capacity for excretion of cholesterol. In the brain, the most important mechansm for this excretion is conversion of cholesterol into 24S-hydroxycholesterol, which is able to pass the blood-brain barrier ( 21, 22 ) . The levels of the enzyme cholesterol 24S-hydroxylase are very low in the spinal cord in relation to the corresponding levels in the brain, indicating that there must be another mechanism for removal of the excess cholesterol from the spinal cord. There is a mechanism for removal of 27-hydroxycholesterol from the brain involving its conversion into the steroid acid 7 ␣ -hydroxy-3-oxo-4-cholestenoic acid ( 23 ) . CYP7B1 is essential for this elimination pathway. It may be speculated that cholesterol is removed from the spinal cord by a primary conversion into 27-hydroxycholesterol followed by a 7 ␣ -hydroxylation by CYP7B1 and subsequent oxidation to give the above steroid acid. If this specifi c mechanism is of critical importance for elimination of cholesterol from the spinal cord in humans and there is a lack of CYP7B1, the accumulation of 27-hydroxycholesterol in the spinal cord may be higher than in most other compartments.The corticospinal tract and dorsal lateral columns and the spinal cord are the site of pathology in HSPs.
We have previously shown that there is a signifi cant uptake of 27-hydroxycholesterol by the human brain from the circulation ( 24 ) and that most of the 27-hydroxycholesterol present in cerebrospinal fl uid originates from the circulation ( 25 ) . There is a close correlation between levels of cholesterol and 27-hydroxycholesterol in the circulation. In contrast to 27-hydroxycholesterol, cholesterol does not pass the blood-brain barrier. On account of this observation and the effect of 27-hydroxycholesterol on enzymes involved in generation of amyloid in cultured neuroblastoma cells ( 26 ) , we have speculated that the infl ux of 27-hydroxycholesterol from the circulation into
